The significance of the mismatch negativity (MMN), an event-related potential measured in humans which indexes novelty in the auditory environment, has motivated a search for a cellular correlate of this process. A leading candidate is stimulus-specific adaptation (SSA) in auditory cortex units, which shares several characteristics with the MMN. Whether auditory cortex responses encode sensory novelty, a defining property of the MMN, however, has not been resolved. To evaluate this key issue, we used several variations of the auditory oddball paradigm from the human literature and examined psychophysical and pharmacological properties of multiunit activity in the auditory cortex of awake rodents. We found converging evidence dissociating SSA from sensory novelty and the MMN. First, during an oddball paradigm with frequency deviants, neuronal responses showed clear SSA but failed to encode novelty in a manner analogous to the human MMN. Second, oddball paradigms using intensity or duration deviants revealed a pattern of unit responses that showed sensory adaptation, but again without any measurable novelty correlates aligning to the human MMN. Finally NMDA antagonists, which are known to disrupt the MMN, suppressed the magnitude of multiunit responses in a nonspecific manner, leaving the process of SSA intact. Together, our results suggest that auditory novelty detection as indexed by the MMN is dissociable from SSA at the level of activity encoded by auditory cortex neurons. Further, the NMDA sensitivity reported for the MMN, which models the disruption of MMN observed in schizophrenia, may occur at a mechanistic locus outside of SSA.
Introduction
The role of primary auditory cortex in sensory and cognitive processing is debated. Human and animal studies are both instrumental in defining this role. The view that auditory cortex plays a role in auditory novelty detection arose partially from the discovery of the "mismatch negativity" (MMN), a human scalp recorded event related potential (ERP) component elicited by a sound which deviates from a repeating pattern of recent sounds, and thought to be generated by a temporo-prefrontal network including auditory cortex (Näätänen et al., 2007) . Supporting this view, the firing patterns of auditory cortex neurons in animals have been shown to share key properties with the MMN, and have been proposed to represent a unit correlate in circuitry generating the MMN (Ulanovsky et al., 2003; Nelken and Ulanovsky, 2007; von der Behrens et al., 2009 ). This claim implies that auditory cortex units themselves play an integral role in novelty detection as indexed by the MMN. Critically however, key properties of the human MMN, in particular those relating it to sensory novelty, have not yet been established directly for these units.
Two general mechanistic models have been proposed to account for the properties of the MMN. One posits that the MMN arises via a stimulus-specific adaptation (SSA) process whereby feature-specific neural elements are progressively adapted by a repeated stimulus, but a subsequent novel stimulus produces a large activation of nonadapted elements (Jääskeläinen et al., 2004; May and Tiitinen, 2010) . Based on this model, the demonstration of SSA alone in auditory signals would be compelling evidence for a correlate of the MMN. Indeed, unit signals recorded from auditory cortex show a greater response to a deviant than a standard stimulus in the oddball paradigm and thus show robust SSA, in both anesthetized and awake animals (Ulanovsky et al., 2003; Nelken and Ulanovsky, 2007; von der Behrens et al., 2009) .
However, even though SSA can account for part of the human MMN wave, it has been argued that an additional mechanism (and a different model) is required to explain all its properties, which have been revealed by many variations of the oddball paradigm. For example, the MMN is larger in response to novel than to non-novel stimuli, even when both are presented in contexts that generate the same level of SSA, indicating that some of the signal encodes novelty per se (Schröger and Wolff, 1996; Schröger, 2001, 2003) . These and other data have been suggested to distinguish the MMN as manifesting a memorycomparison mechanism, and to support an alternative model whereby the MMN is produced when a novel event violates a stored neural representation of regularity inherent in the recent sensory environment (Näätänen et al., 2005) . In animal studies by contrast, these paradigms appropriate to determining whether signals encode novelty per se, in addition to SSA, have not yet been thoroughly tested.
Further, an important piece of mechanistic information about the MMN derives from the observation that it is diminished in schizophrenia (Michie et al., 2000; Umbricht and Krljes, 2005) and that this disruption can be mimicked by NMDA antagonist treatment in healthy volunteers (Umbricht et al., 2000) . Whether SSA in auditory cortex units is similarly sensitive to NMDA antagonists is untested, however. To further understand the role of auditory cortex units in sensory novelty processing and their relation to the MMN, we systematically distinguished SSA vs novelty components in unit signals as well as tested their NMDA dependence. Recordings were performed in chronically implanted freely behaving rats so that physiological and pharmacological properties would be not be confounded by effects of anesthesia.
Materials and Methods
Surgical procedure. Research procedures performed on animals were approved by the AstraZeneca Institutional Animal Care and Use Committee in accordance with regulations established by AAALAC. Animals were anesthetized with 1.5% gaseous isoflurane/O 2 mixture. Body temperature was maintained at 37°with a homeothermic blanket. A craniotomy and durotomy were performed just large enough to allow implantation of a 12 electrode array (2 rows of six insulated steel wires; diameter, 50 m; center-to-center spacing, 400 m) into primary auditory cortex (coordinates relative to bregma: anteroposterior, Ϫ4.3 mm; mediolateral, 6.5 mm; depth, 4.5 mm). A nano-connector strip (Omnetics Connector Corp.) holding the electrodes was permanently anchored to the skull with dental acrylic. Animals recovered Ͼ10 d before studies. To verify the location of electrode tips in auditory cortex, a small marking lesion was made with DC current, and tissue was processed for Nissl staining (Fig. 1) .
Acoustic stimuli and stimulation paradigms. Recordings were made while the animal freely explored a Plexiglas chamber 30 (length) ϫ 21 (width) ϫ 33 (height) cm housed in a double-walled acoustic box. Pure tone stimuli were produced by a Tucker-Davis Technologies model RP2 Audio Generator and played from a free-field speaker (Tucker-Davis Technologies, model FF1) centered on the ceiling panel of the recording chamber. Sound stimulus intensity was calibrated by placing a microphone (Bruel and Kjaer, model 4939) in multiple positions near the bottom of the chamber at the estimated head height of a rat during walking or quiescence. After averaging over multiple positions we noted a linear falloff of intensity with increasing frequency. The generator output was programmed to compensate for this. Adequate control of positional variations in intensity within the chamber was confirmed by the finding that frequency-level tuning properties of multiunit responses accorded well with those extensively documented (Fig. 1 ).
To characterize frequency-level tuning of each multiunit cluster we presented a matrix of pure-tones (duration: 100 ms; interstimulus interval [ISI]: 600 ms) pseudo-randomly at one of 10 frequencies (spaced by 1/2 octave) and one of 7 intensities (spaced by 10 dB). The entire session, which spanned 70 min, encompassed 100 repeats of each tone. The average response to the 100 tone repeats was calculated. The characteristic frequency was defined as the frequency at which a significant multiunit response was elicited at the lowest sound amplitude, which was defined as the intensity threshold.
Frequency, intensity, and duration oddball paradigms were all evaluated over the course of the study. For the frequency oddball paradigm (Fig. 1) , we presented two pure-tone stimuli f 1 and f 2 , separated in frequency by ⌬f ϭ 0.1, where ⌬f ϭ (
1/2 . This ⌬f corresponds to ϳ1/10 octave. The two frequencies were centered on the characteristic frequency of the multiunit response for the recording site. The intensity of each stimulus was 20 dB above the threshold and the duration was 100 ms. Three types of "blocks" were presented with each block containing 300 sequential stimuli (ISI 600 ms). In the first block type, the f 1 stimulus was the "standard" in an oddball paradigm, occurring with a probability of 8/9 (ϳ89%) and the f 2 stimulus was the "deviant," occurring with a probability of 1/9 (ϳ11%). In the second block type, probabilities were reversed in the oddball paradigm such that the f 1 became the deviant and the f 2 the standard. In the third "control" block 9 different tones with equally spaced (⌬f ϭ 0.1) frequencies, including f 1 and f 2 in the center of the frequency range, were presented, each with an equal probability (1/9). Thus, the probability of the f 1 or f 2 stimulus Figure 1 . Frequency-level tuning and stimulus-specific adaptation from primary auditory cortex multiunit site in awake rat. All data in this figure are obtained from a single recording site. A, Nissl-stained coronal slice of rat brain containing electrolytic lesion from a chronically implanted electrode which yielded the data in this figure, demonstrating electrode tip localization in auditory cortex. Right panel is a higher-magnification version of the boxed region in left panel. B, Frequency-level tuning for the multiunit cluster recorded at this site, indicating responses (in events/second) elicited by each frequency and intensity combination. The two intersection points of the white bars indicate the frequencies and intensities of the f 1 and the f 2 stimuli (⌬f ϭ 0.1 between f 1 and f 2 ; see Materials and Methods) used in the frequency oddball paradigm for this site. C, Schematic of the frequency auditory oddball paradigm. The f 1 (frequency 31 kHz, intensity 50 dB, in this example) stimulus occurs as a "standard" (probability of occurring p ϭ 8/9) in oddball block 1 and a "deviant" (probability of occurring p ϭ 1/9) in oddball block 2; whereas the f 2 (34 kHz, 50 dB, in this example) stimulus is a "deviant" in block 1 and a "standard" in block 2. In a "control" block 3, the f 1 and f 2 tones are each presented at a low probably ( p ϭ 1/9) in the context of nine different tones, all occurring with p ϭ 1/9, where adjacent frequencies are separated by ⌬f ϭ 0.1. D, Multiunit PSTHs showing the responses for this example site during the frequency oddball paradigm to the f 1 or the f 2 stimulus occurring as a standard (blue), deviant (red), or control (black).
occurring in the control block (and thus the average ISI) was the same as in the deviant condition, but the context of the surrounding tones was different. The f 1 or f 2 stimulus was considered rare and novel when serving as a deviant in the oddball paradigm (i.e., occurring infrequently in the context of one commonly presented standard tone), whereas the f 1 or f 2 was rare, but not novel in the control block (i.e., occurring in the context of several other equally uncommon tones). Each of the three block types was presented 10 times in random order, with 60 s in between each block. Alternating between block types provided a randomization strategy aimed at mitigating possible effects on auditory responses of ongoing changes in the vigilance state of an animal over the 2 h time course of the oddball paradigm.
For the intensity oddball paradigm (see Fig. 3 ), the intensity of the stimulus was either 15 dB (i 1 ) or 25 dB (i 2 ) above threshold, the frequency was the characteristic frequency and the duration was 100 ms. The firing rate-intensity functions for each of the multiunits included in the intensity oddball study were monotonic within the intensity ranges examined, although it is possible that non-monotonic properties might have been revealed at higher intensities (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). For the duration oddball paradigm (see Fig. 3 ), the duration of the stimulus was either 50 ms (d 1 ) or 125 ms (d 2 ), the frequency was the characteristic frequency and the intensity 20 dB above threshold. For the intensity (and duration) oddball paradigms, two block types were interleaved, the first in which the i 1 (d 1 ) stimulus was the standard (i.e., 89% occurrence) and the i 2 (d 2 ) was the deviant, and the second in which their contextual identities were reversed.
For pharmacological experiments, which were performed using the frequency oddball paradigm, subcutaneous drug injections were administered immediately after completing the entire paradigm. Then, 10 min after injection of either a control solution (0.9% NaCl), 0.03 mg/kg MK801 (a noncompetitive NMDA antagonist), or 0.1 mg/kg MK801, the entire paradigm was repeated.
In vivo electrophysiology and data analysis. The electrode connector implanted on the skull was mated with a 16-channel headstage preamplifier (HS-18; Neuralynx) attached to a flexible tether and commutator, allowing unimpeded movement of the animal during the recording. The signal from each electrode was split into a continuously sampled channel for recording local field potential (LFP) signals and a spike channel for unit signals. Filtering and digitization were performed with a Digital Lynx 64 system (Neuralynx).
The LFP signal was filtered (low-pass, 1 Hz; high-pass, 475 Hz) and digitized at 2 kHz. LFP responses were only analyzed in the oddball paradigm from those electrodes which also had responsive multiunits. In Ͼ90% of these sites, the sound-evoked ERP from the LFP showed a prominent initial negativity with latency ϳ20 ms, which we term the N20. A negativity of this latency is consistent with what has been shown previously from the middle layers of the rat auditory cortex (Barth and Di, 1990; Szymanski et al., 2009) . Although the average population response from the LFPs also displayed an additional prominent positivity with a latency of ϳ110 ms, the existence of this component was more variable across recordings, occurring in ϳ70% of cases. We analyzed the behavior of both the N20 and P110 components during the frequency oddball paradigm.
The neuronal spike signal was filtered (low-pass, 600 Hz; high-pass, 3000 Hz), and events which crossed an arbitrarily set threshold value above the background were digitized over a 3 ms time window and recorded. The quality of the waveforms and cluster separation from background was continuously monitored online for drift. Following the experiment, recorded waveforms were visualized using NeuroExplorer software (version 4; Plexon) and obvious artifactual events removed. The waveforms from a small percentage of the 40 pure-tone responsive clusters (from 14 animals), from which the data of this study derive, had an autocorrelation where Ͻ5% of events occurred within Ϯ0.5 ms and thus were likely single units, but the majority of clusters were considered multiunits based on this criterion.
For quantifying multiunit responses to stimuli during the oddball paradigm, the number of events crossing a threshold during a-specific time epoch was counted. This time epoch was the same for the standard, deviant and control conditions, and ranged from the point when the response to the standard first exceeded the prestimulus baseline by 2 standard deviations to the point at which it returned to this value. For LFPs, we calculated the amplitude of the N20 and P110 components for the standard, deviant, and control conditions. To quantify the response difference between the deviant and standard in the frequency oddball paradigm, we used a normalized stimulus-specific adaptation index (SSAI) for each frequency, as formulated by Ulanovsky et al. (2003) and defined as follows:
], where d( f i ) and s( f i ) are responses to frequency f i when it was a standard or a deviant, respectively. Analogous indices were used to compare the responses of the deviant and standard in the intensity and duration paradigms, by substituting in the formulas above the response to frequency f i with the response to intensity i i or duration d i , respectively. Additionally, to quantify the degree of "novelty" encoded in the responses in the frequency oddball paradigm, we compared the responses to the deviant and control stimuli, defining a "novelty index" NI(
and c( f i ) are responses to frequency f i when it was a deviant or a control, respectively.
For multiunit population PSTHs, the PSTH to the standard, deviant, and control (for the f 1 or f 2 stimulus) for each multiunit site was normalized to the peak of the respective standard response. These normalized responses subsequently were averaged over all multiunit sites. A similar procedure was used to normalize LFP population ERPs, with responses normalized to the peak of the N20 elicited by the standard. To characterize the kinetics for development of SSA in an individual recording, the responses to the standard or deviant stimuli were combined across all 10 repeats of that block type, based on their position in the oddball sequence (from the first position to the 300 th position). Responses were then normalized to the mean value of the preinjection standard response and plotted at their original position in the 300-stimulus-long (i.e., 180-slong) time scale. The time course of the multiunit population standard response, before and following drug injections, was fitted to the following exponential function: decay_size ϫ (1 Ϫ e Ϫt / ) ϩ asymptote. Here, represents the time constant of the adaptation (Ulanovsky et al., 2004) .
For statistics, the nonparametric sign test was used to compare paired samples. For pharmacology, the oddball paradigm recording for each drug condition was preceded by a preinjection baseline oddball paradigm recording, and the baseline responses were subtracted from the respective drug condition responses. Then, effects across drug conditions were compared using the nonparametric Kruskal-Wallis ANOVA.
Results

Multiunit responses exhibit SSA, but no novelty profile
Multiunit activity from electrodes chronically implanted within the auditory cortex in freely moving rats exhibited clear timelocked responses during the presentation of acoustic stimuli (Fig.  1 A) . A subset of multiunit clusters showed frequency-level tuned responses to pure-tone stimuli (Hromádka et al., 2008) , and we focused on these sites because standard and oddball stimulus frequencies could be presented within a standardized region of the receptive field across multiple recordings. Figure 1 B shows the responses to pure-tone stimuli for a multiunit cluster displaying an exemplary "V-shaped" tuning curve at low to moderate sound levels for a limited range of sound frequencies.
After measuring the tuning-curve characteristics of each responsive multiunit site, we presented a frequency "oddball paradigm" (Fig. 1C) using stimuli centered near the characteristic frequency and with moderate intensities (see Materials and Methods). During the ensuing oddball paradigms, the response to the same physical tone was compared in different sensory contexts. First, we compared the response elicited when the tone was either a high-probability "standard" stimulus or a low-probability "deviant" stimulus embedded within a series of identical standards. The responses from the multiunit site exemplified in Figure 1 showed strong sensory context dependence. Specifically, the response to a tone was stronger when it occurred as a deviant, rather than as a standard (Fig. 1D ). This response pattern is consistent with that observed previously in auditory cortex units (Ulanovsky et al., 2003; von der Behrens et al., 2009) , and supports the presence of SSA. However, we wished to additionally determine whether the increased response to the deviant could be fully explained by SSA, or if it also encoded a novelty aspect of the stimulus relative to its background context.
To distinguish between these possibilities, in addition to the standard and deviant stimuli, we used a "control" stimulus condition which was pioneered in human studies of the MMN (Fig.  1C, bottom) (also see Materials and Methods) (Schröger and Wolff, 1996) . In this control condition, the tone was presented at an identical low probability as in the deviant condition, to elicit a similar low-level of adaptation as in the latter. However, unlike the deviant which was embedded in the context of one highprobability standard tone, the control was embedded in a random sequence of eight other tones of differing frequency, all with equally low-probability. Thus, unlike the deviant the control tone was not novel relative to the background sensory context. For the exemplary multiunit site, the response to the novel, deviant tone was not largely different from the response to the non-novel, control tone (Fig. 1 D) . This indicates that the novelty aspect itself of the deviant tone was not encoded in the multiunit responses, and does not account for the different response levels elicited by standards and deviants in the oddball paradigm. Rather, the results suggest that the different responses observed between conditions could be accounted for fully by SSA, and more accurately reflect a relative decrease in the standard as a result of adaptation, compared with the deviant or control for which adaptation is comparatively nominal.
To disambiguate the alternative contributions of SSA and novelty across all multiunit recordings showing frequencylevel tuning, we quantified for each site the response difference elicited by standard and deviant stimuli using the stimulusspecific adaptation index (SSAI; see Materials and Methods). In parallel, we quantified the response difference elicited by deviant and control stimuli using the novelty index (NI; see Materials and Methods). Across the population, the average response to the deviant in the oddball paradigm was significantly greater than that to the standard (Fig. 2 A) for both the f 1 (Sign test, p Ͻ 0.001) and f 2 (Sign test, p Ͻ 0.0001) frequencies, as reflected by the positive SSAIs. This pattern is also clearly apparent in the population PSTH profiles for the standard and the deviant (Fig. 2 B) . Thus, multiunit responses in auditory cortex exhibit robust evidence for SSA.
The above observations in isolation are also consistent putatively with a novelty correlate. However, in agreement with the representative experiment in Figure 1 D, there was no significant difference across all experiments between the response to a given tone in the deviant vs control contexts for either the f 1 (Sign test, NS) or f 2 (Sign test, NS) frequency, as reflected by the NI (Fig.  2C) . Likewise, there was no difference between the control and deviant population PSTH profiles (Fig. 2 D) . These summary re- Figure 2 . Auditory cortex multiunit population responses during frequency oddball paradigm. A, Stimulus-specific adaptation index for the f 1 and f 2 stimuli plotted for each multiunit site. A positive value indicates that the response to the deviant was greater than that to the standard. Histogram represents the averaged f 1 and f 2 stimulus-specific adaptation index, calculated for each site and binned. B, The population PSTH for the standard (blue), deviant (red), and their difference (gray, below), shown separately for the f 1 and f 2 frequencies. C, Novelty index for the f 1 and f 2 stimuli plotted for each multiunit site. A positive value indicates that the response to the deviant was greater than that to the control. Histogram represents the averaged f 1 and f 2 novelty index, binned for all sites. D, The population PSTH for the deviant (red, same as in B), control (black), and their difference (gray, below). For the population, the response to the deviant was significantly greater than that to the standard but not greater than that to the control, indicating strong evidence for stimulus-specific adaptation (SSA) but no evidence for novelty-encoding.
sults thus support that SSA alone (without a novelty contribution) accounts for the enhanced response elicited from neurons in the auditory cortex to deviant compared with standard tones in the oddball paradigm.
Intensity-and duration-oddball paradigms elicit adaptation but not novelty responses
Additional evidence distinguishing between novelty and adaptation contributions to human evoked potentials has come from oddball paradigms in which stimulus dimensions other than frequency are varied. For example, in an oddball paradigm where sound intensity is the variable, the occurrence of a loud deviant tone (in a background of soft tones) or a soft deviant tone (in a background of loud tones) elicits an MMN. This behavior is difficult to explain by an adaptation process, and has been interpreted to suggest that the MMN can encode intensity novelty (Näätänen and Picton, 1987) .
We analyzed multiunit responses during an intensity oddball paradigm (Fig. 3A-D) by applying a protocol analogous to that used in the above frequency oddball studies with tone presentation blocks in which higher (25 dB above threshold) and lower intensity (15 dB above threshold) tones were alternated as frequent standards or infrequent deviants (Fig. 3A) . Different trends for the response amplitudes were observed when the data were analyzed separately for soft and loud stimuli presented in standard and deviant contexts (Fig. 3B-D) . A representative multiunit response profile in this paradigm is shown in Figure 3B . Loud deviants generated significantly greater responses than loud standards ( Fig. 3C,D ; Sign test, p Ͻ 0.01). In contrast, no significant response difference, was observed between soft deviants and soft standards (Fig. 3C,D ; Sign test, NS). These data are not consistent with the novelty-encoding profile of the human MMN, where both soft and loud stimuli generate greater responses as deviants than as standards.
Auditory oddball paradigms with duration as the variable parameter have also been used in humans to discern a novelty-like response profile in neural signals. We thus used a duration oddball paradigm (Fig. 3E-H ) in which shorter (50 ms) and longer (125 ms) tones were alternated as frequent standards or infrequent deviants (Fig. 3E) , and analyzed responses in a comparable manner to the other physical dimensions studied above. In this paradigm, a novelty-encoding profile would consist of the responses to (short or long) deviant stimuli being greater than the responses to standard stimuli, but specifically at response latencies Ͼ50 ms, which is the first time point where a difference exists between a deviant and a standard stimulus.
We found that the auditory cortex multiunit responses to duration standards and deviants differed, but not in a manner consistent with a novelty-encoding profile. First, we observed opposite response profiles for short and long sounds when each was presented in a standard vs deviant context. A representative multiunit site is shown in Figure 3F . We found that across the population, the peak response to long deviants was significantly greater than that to long standards ( Fig. 3G,H ; Sign test, p Ͻ 0.01). On the other hand, the peak response to short deviants was significantly less than that to short standards ( Fig. 3G,H ; Sign test, p Ͻ 0.01). These responses do not accord with a novelty profile, which would be distinguished by larger responses to deviants than to standards for both long and short tones. Further, we found no multiunit responses showing significant increases after a latency of 50 ms (the time at which the deviant diverges physically from the standard) for deviants relative to standards for either short or long tones. Thus no signal in the response profiles could be associated with auditory novelty when the deviant was presented.
Together, these data indicate that auditory cortex units exhibit SSA, but fail to show a novelty detection component essential to the definition of MMN. Thus the response properties of auditory cortex units in the oddball paradigm are dissociable from those of the MMN, as demonstrated here using multiple auditory stimulus dimensions. A, Schematic of the intensity oddball paradigm. The i 1 stimulus (whose intensity is 15 dB above threshold) occurs as a "standard" in block 1 and a "deviant" in block 2; whereas the i 2 stimulus (whose intensity is 25 dB above threshold) is a "deviant" in block 1 and a "standard" in block 2. B, Multiunit PSTH showing the responses for a representative multiunit site during the intensity oddball paradigm. The deviant response (red) for this site is greater than the standard response (blue) for the loud (i 2 ) stimulus but not for the soft (i 1 ) stimulus. C, Stimulus-specific adaptation index for the i 1 and i 2 stimuli plotted for each multiunit site. D, The median response magnitude over all multiunit sites for each condition indicated. Note that the response to the loud deviant was greater than that to the loud standard; however, the responses to the soft deviant and standard were not different. E, Schematic of the duration oddball paradigm. The d 1 stimulus (50 ms duration) is a standard in block 1 and a deviant in block 2; the d 2 stimulus (125 ms duration) is a deviant in block 1 and a standard in block 2. F, Multiunit PSTH showing the responses for a representative multiunit during the duration oddball paradigm. The deviant response (red) is greater than the standard stimulus (blue) for the long (d 2 ) stimulus but smaller for the short (d 1 ) stimulus. G, Stimulus-specific adaptation index for the d 1 and d 2 stimuli plotted for each multiunit site. H, The median response magnitude over all multiunit sites for each condition indicated. Note that the response to the long deviant was greater than that to the long standard; however, the responses to the short deviant were less than that to the short standard.
NMDA independence of SSA An additional property we tested for SSA encoded by auditory cortex units was its sensitivity to noncompetitive NMDA antagonists. The MMN is disrupted by these agents, but presuming that the MMN as typically measured is comprised of both novelty and adaptation components (Schröger and Wolff, 1996) , it is unknown which of these is the substrate of the disruption. Figure 4 shows a typical experiment evaluating the effects of the NMDA antagonist, MK801, at a subanesthetic dose of 0.1 mg/kg that is associated with recapitulating schizophrenia-like symptomatology in rodents (Sams-Dodd, 1996) . The multiunit response in the frequency oddball paradigm before treatment showed clear SSA, as evidenced by the larger response to the oddball than to the standard tone (Fig. 4A , thick lines). MK801 had a strong suppressive effect on evoked multiunit responses (Fig. 4A,  thin lines) . However, the responses to both the standard and the deviant were suppressed (Fig. 4A) , suggesting that the SSA process was not specifically affected.
To explore further the specificity of effect of MK801 on SSA, we analyzed the temporal evolution of the responses to the standard and deviant stimuli during the oddball paradigm. SSA is a dynamic process, whereby responses to a standard and deviant have similar amplitudes early in a train of standards, but diverge during the train due to a progressive decline in the standard response with development of habituation (Ulanovsky et al., 2004) . For this representative experiment, following MK801 injection, the initial responses to both the standard and deviant at the beginning of the oddball paradigm were both strongly suppressed compared with in the preinjection period (Fig. 4B) . Nevertheless, adaptation with an apparently similar time course still developed for the standard relative to the deviant, suggesting that the dynamic process of SSA remained intact.
This pattern, where MK801 affected the magnitude of auditory cortex multiunit responses but not SSA or its dynamics, was confirmed further by examining the effects of two doses of MK801 on the auditory cortex multiunit responses across multiple experiments (Fig. 5) . Vehicle treatment had no effect on the median multiunit response magnitude to the standard or deviant stimulus compared with the preinjection period ( Fig. 5A ; Sign test, NS for standard or deviant). In contrast, injection of a low (0.03 mg/kg) dose of MK801 suppressed responses compared with the preinjection period ( Fig. 5A ; sign test, p Ͻ 0.01 for both standard and deviant). Injection of a higher (0.1 mg/kg) dose of MK801 suppressed even more dramatically the responses to both standard and deviant stimuli ( Fig. 5A ; sign test, p Ͻ 0.01 and p Ͻ 0.05 for standard and deviant, respectively), suggesting a dose dependence for this suppressive effect (Fig. 5A-C ). An ANOVA confirmed that the responses to both standards and to deviants were differentially affected between the three conditions of saline, low-dose MK801, or high-dose MK801 injection (Fig. 5 B, C ; Kruskal-Wallis ANOVA; p Ͻ 0.01 and p Ͻ 0.05 for standard and deviant, respectively). Post hoc comparisons indicated that the differences were accounted for by a significant suppression of both the standard and the deviant response by the high dose of MK801 relative to saline (Mann-Whitney U test, p Ͻ 0.01, for both the standard and deviant).
These results indicated that NMDA antagonists suppress the responses of auditory cortex units evoked by standard or deviant stimuli in the oddball paradigm; importantly, however, the magnitude of the suppression was not different between the standard and deviant. Because SSA is defined as the difference between the response to the deviant and standard, it follows that MK801 did not affect the magnitude of SSA. Figure 5D substantiates this graphically by demonstrating lack of a MK801-induced systematic change in SSA across the sampled population of multiunits (Sign test, NS for vehicle, low-dose, and high-dose MK801). An ANOVA confirmed no difference between the effects of saline versus the two doses of MK801 on SSA ( Fig. 5E ; Kruskal-Wallis ANOVA, NS).
To further substantiate the conclusion that NMDA antagonists do not affect SSA, the effects of MK801 were evaluated on the kinetics of SSA development for the multiunit population (Fig. 5F ), corresponding to the analysis shown for the individual sample in Figure 4 B. The baseline responses to both the standard and deviant stimuli, at the beginning of the oddball paradigm, were suppressed following the MK801 injections relative to the vehicle injection. Nevertheless, a time-(and stimulus-)dependent suppression of the standard response relative to the deviant evolved in time in all three treatment conditions, and with similar kinetics. The mean time constant of adaptation to the standard stimulus (see Materials and Methods) following drug injection was similar in all three conditions (4.7, 4.2, and 4.2 s for vehicle, low-dose MK801, and high-dose MK801, respectively).
SSA in local field potentials
LFP responses from the recordings were also analyzed, based on reasoning that these may more closely correlate with evoked po- tential recordings from human studies. To increase confidence that LFPs were from the auditory cortex, only those electrodes where responsive multiunits were also recorded were analyzed. LFPs displayed a negativity with a latency of ϳ20 ms, which we term the N20 (see Materials and Methods). Like the multiunits, this N20 LFP component showed a significantly larger response to the deviant than standard tone in the frequency oddball paradigm (Fig. 6 A, C ; Sign test, p Ͻ 10 Ϫ5 ). This is consistent with previous observations (Szymanski et al., 2009; von der Behrens et al., 2009 ). However, the N20 component of the LFP did not exhibit a stronger response to the deviant than to the control stimulus (Fig. 6 B, D; Sign test, NS). These findings together indicated that, like the multiunit responses, the deviance-elicited increase in N20 was attributable to SSA, rather than to novelty. Although the average population LFP response also displayed an additional prominent positivity with a latency of ϳ110 ms, the existence of this component was more variable across recordings (see Materials and Methods). Additionally, we found that this "P110" component displayed no evidence for either SSA or for novelty ( Fig. 6A,B ;E,F; Sign test, NS for deviant versus standard and deviant versus control).
Since the N20 component of the LFP displayed SSA in the oddball paradigm, we also analyzed its NMDA sensitivity. We found that, similar to the multiunit responses, the NMDA antagonist MK801 significantly depressed the N20 response to standard ( Fig.  6G ; Kruskal-Wallis ANOVA, p Ͻ 0.01; post hoc Mann-Whitney: vehicle vs low-dose MK801, p Ͻ 0.05, vehicle vs high-dose MK801, p Ͻ 0.05, low-dose MK801 vs high-dose MK80, NS) as well as to deviant stimuli ( Fig. 6H ; Kruskal-Wallis ANOVA, p Ͻ 0.01; post hoc Mann-Whitney: vehicle vs low-dose MK801, p Ͻ 0.01, vehicle vs high-dose MK801 p Ͻ 0.01, low-dose MK801 vs high-dose MK801, NS). Indeed, despite the effects of MK801 on the N20 amplitude, there was no significant effect on SSA ( Fig. 6I ; Kruskal-Wallis ANOVA, NS, vehicle vs low-dose MK801 vs high-dose MK801). Thus the N20 component of the LFP displayed analogous characteristics to the multiunit responses, further establishing insensitivity of auditory cortex SSA to NMDA antagonists.
Discussion
Properties encoded in auditory cortex units Whether auditory cortex units encode sensory novelty analogous to the human MMN, versus only SSA, has not been addressed adequately. Our auditory cortex multiunit dataset in the awake rat shows that these neurons respond more strongly to deviant than to standard stimuli in the frequency oddball paradigm, con- Figure 5 . Effects of NMDA antagonist, MK801, on response magnitude and stimulus-specific adaptation for the auditory cortex multiunit population. A, Percentage change in the magnitude of the response to the standard and to the deviant stimuli following injection of saline vehicle, low-dose MK801 (0.03 mg/kg, s.c.), or high-dose MK801 (0.1 mg/kg, s.c.). Each point comes from a multiunit site. B, Median change, over the multiunit population, in the response to the standard following the treatment indicated. C, Median change, over the population, in the response to the deviant following the treatment indicated. D, The stimulus-specific adaptation indices for the f 1 or the f 2 stimuli, for individual multiunit sites, measured before (black) and after (magenta) the indicated treatment. E, Median change, over the multiunit population, in the stimulus-specific adaptation index (averaged over the f 1 and f 2 stimuli) caused by each indicated treatment. F, The temporal course of the population responses to the standard (blue) and deviant (red) during the frequency oddball paradigm following the treatment indicated. For each multiunit site, all postinjection responses are normalized to asymptote achieved by the vehicle standard; these normalized responses are then averaged across multiunit sites. Note that while MK801 injection causes a dose-dependent suppression of both standard and deviant responses relative to saline, the dynamics of adaptation for the standard and the deviant are unaffected. All error bars represent the upper and lower quartile values.
curring with previous studies (Ulanovsky et al., 2003; von der Behrens et al., 2009) . While this property is consistent with that of a novelty-encoding signal, it can also be explained fully by a stimulus-specific adaptation process. Here we additionally tested auditory unit responses against several paradigms previously used in studies of the human MMN to differentiate between these possibilities (Näätänen et al., 2005) .
First, a control condition added to the frequency oddball paradigm established a component in the human MMN which could not be explained by adaptation and is thought to encode novelty per se (Schröger and Wolff, 1996; Schröger, 2001, 2003) . A previous study of cat auditory cortex, using a similar control, has been interpreted to suggest that units in this area also encode novelty (Ulanovsky et al., 2003) . However, unit responses were greater to deviant (i.e., "novel") than to control (i.e., "non-novel") stimuli only when the frequency difference between adjacent stimuli in the control condition (comprised of "20 frequencies spanning approximately one octave", or a ⌬f ϳ0.05 between adjacent stimuli) was much smaller than the frequency difference between the standard and deviant in the oddball condition (i.e., this result held only for the ⌬f ϭ 0.37 oddball condition, but not the ⌬f ϭ 0.10 or ⌬f ϭ 0.05 conditions) (Ulanovsky et al., 2003) . Since the amount of cross-frequency adaptation caused by neighboring tones on the response to a test tone increases as the frequency differences between the neighboring tones and the test tones decrease, more adaptation was likely present for their control tone than for the deviant tone in the ⌬f ϭ 0.37 oddball condition. Thus, while the increased deviant versus control response was interpreted to arise from a noveltyencoding component, the difference can also be explained by less adaptation to the deviant than to the control.
On the other hand, we used, similar to human studies, the same ⌬f in both control and oddball conditions, which ensures that adaptation is not greater in the control condition (Jacobsen and Schröger, 2001 ). Contrasting to human MMN, we found that auditory cortex units failed to show a greater deviant than control response. Although this control condition has the possibility of underestimating novelty (Jacobsen and Schröger, 2001) , we can conclude that under equivalent control conditions, rodent auditory cortex unit responses fail to show the novelty correlate established for the human MMN.
An additional means by which adaptation versus novelty components have been dissociated in neural signals is by the use of oddball paradigms focused on stimulus dimensions of intensity or duration. Both the human N1 and MMN ERP components are larger in response to loud deviant tones than to background soft tones; however, the MMN differentiates from the N1 by also responding more strongly to a soft deviant tone than to background loud tones (Näätänen and Picton, 1987; Näätänen et al., 1989) . The latter property indicates that the MMN encodes intensity novelty per se, contrasting with the N1 response.
Contrasting with the human MMN, we found that auditory cortex units respond more strongly to loud deviants than to loud standards, but not to soft deviants versus soft standards. Although a previous study concluded that cat auditory cortex units have an MMN-like response profile in an intensity oddball paradigm, that conclusion was based on pooling the results from loud and soft tones (Ulanovsky et al., 2003) , a step which our data argue potentially confounds distinction of an adaptation from a novelty profile. Indeed, if raw data in that study are segregated for soft and loud stimuli separately, an effect similar to what we observed is evident; i.e., a large augmentation of the deviant vs standard for loud, but not soft tones (see Ulanovsky et al., 2003, their Fig. 4) . The raw data from that study thus appear to concord with ours in failing to provide evidence for a novelty-encoding MMN-like process. Similarly, our duration oddball paradigm revealed no evidence that auditory cortex units encode duration novelty.
Rather, the data from the intensity and duration oddball paradigms can be more parsimoniously interpreted as reflecting a non-stimulus-specific gain adaptation process. The response elicited by a stimulus of a given intensity is smaller if it occurs against a background of repetitive loud (versus soft) tones; this background exists for soft tones occurring as deviants or loud tones occurring as standards. In the case of duration, the response elicited by a stimulus is smaller if it occurs against a background of repetitive long (versus short) tones.
Interestingly, recent studies from primate auditory cortex indicate that neurons with monotonic versus non-monotonic fir- ing rate-intensity functions show different forms of adaptation to stimulus intensity Barbour, 2008, 2010) . Specifically, non-monotonic neurons maintain sensitivity to soft sounds in an environment where loud sounds predominated, a process which diverges from gain adaptation. These results suggest that monotonic and non-monotonic units may contribute differently to coding intensity, and could together code for novel soft and loud intensities. This idea remains to be tested in the oddball paradigm.
Evaluating neural correlates of the human MMN
It is worth considering why properties of primary auditory cortex neurons and human MMN might diverge, and reevaluating other neural signals as proposed MMN correlates. Although there is consensus that the auditory cortex contributes to the temporofrontal network generating MMN (Näätänen et al., 2007; Garrido et al., 2009) , studies indicate that primary auditory cortex may generate the "sensory" (i.e., SSA) subcomponent of MMN, while a longer-latency "cognitive" (i.e., novelty) subcomponent might emanate from a partially distinct area including nonprimary auditory cortex (Opitz et al., 2005; Maess et al., 2007) . Recent human studies have identified additional middle-latency evoked-potential components which responded to novelty per se Slabu et al., 2010) , with latencies (30 -40 ms) aligning more closely with those of auditory cortex units. However, as with MMN, multiple areas are implicated as contributing to these potentials (Yvert et al., 2001) . Future unit studies targeting additional auditory cortical areas might reveal responses aligning more closely with human MMN.
On the other hand, animal macroscopic LFP and EEG signals recorded during the oddball paradigm (for review, see Nelken and Ulanovsky, 2007) may share greater face-validity with the MMN than auditory units, being recorded by more analogous methods, and in some cases appearing as long-latency negative potentials. However, it is not known a priori what recording configuration in a given species, if any, would capture an MMN network. Thus, evaluation of these signals as putative MMN correlates, as with unit responses, should be based on whether they share important defining psychophysical (i.e., novelty-encoding) and pharmacological properties with the human MMN, as opposed to face-validity.
A series of studies of nonhuman primate demonstrated that LFP signals localized to supragranular layers of auditory cortex exhibit an NMDA-sensitive increased response to loud or soft oddball stimuli compared with standards (Javitt et al., 1992 (Javitt et al., , 1994 (Javitt et al., , 1996 , suggesting they encode intensity-novelty. Further confidence in this signal as a general novelty-or MMN-correlate would be gained by testing it against stimulus dimensions in addition to intensity. On the other hand, our LFP recordings from rodent primary auditory cortex revealed SSA, but not novelty. The differences relative to the nonhuman primate studies could result from species differences, or relate to the different cortical layers targeted. Candidate EEG and LFP signals in other previous studies (reviewed in Nelken and Ulanovsky, 2007) were not tested against criteria distinguishing specifically between SSA and novelty; making this distinction will clarify the circuitry involved in the MMN and whether it is conserved across species.
Pharmacology of SSA, MMN, and schizophrenia
The observed disruption of the MMN in schizophrenia has generated great clinical interest, and motivated an effort to understand the mechanisms of sensory novelty detection. The disruption of MMN can be recapitulated in healthy volunteers by systemic NMDA antagonist administration, which also induces a host of other symptoms mimicking schizophrenia (Umbricht et al., 2000; Kreitschmann-Andermahr et al., 2001; Heekeren et al., 2008 ; but see Oranje et al., 2000) . Understanding mechanisms by which NMDA antagonists disrupt MMN at a neuronal circuitlevel may provide a window into understanding the pathophysiology of schizophrenia.
The hypothetical convergence of SSA in auditory units as a component of MMN imparts obvious importance to delineating the sensitivity of SSA to NMDA antagonists: potentially disruption of SSA could explain NMDA antagonist sensitivity of the MMN, as well as the dysfunction found in schizophrenia. Our investigation of this hypothesis, however, across a range of subanesthetic MK801 doses indicated a lack of specific effect on the magnitude or kinetics of SSA in auditory cortex unit responses. Thus the NMDA sensitivity reported for the MMN, and by extension the disruption of MMN observed in schizophrenia, may have a mechanistic locus outside of SSA, putatively involving the novelty detection component.
What are the biophysical and molecular mechanisms of SSA? Synaptic depression of thalamocortical or corticocortical synapses might be a major contributor. SSA, though existing in subcortical stations (Anderson et al., 2009; Malmierca et al., 2009 ) is stronger in cortex (Ulanovsky et al., 2003) , especially beyond the thalamo-recipient layers (Szymanski et al., 2009) . A synaptic depression process has been shown to mediate activity-dependent adaptation in olfactory (Best and Wilson, 2004) and somatosensory (Chung et al., 2002) cortices, and its properties are consistent with mediating the contextual dependence of auditory cortical neuronal responses in multiple paradigms (Ulanovsky et al., 2004; Asari and Zador, 2009; David et al., 2009) . The potential molecular mechanisms of SSA to our knowledge have not been resolved in the auditory system, but our data argue that NMDA receptors do not contribute. On the other hand, evidence exists that transmitter depletion and presynaptic autoreceptor (mGluR II/III) activation contribute to sensory adaptation in the olfactory system (Best and Wilson, 2004) ; whether these mechanisms play a similar role supporting SSA in the auditory pathway is a testable hypothesis.
